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Time-differential perturbed angular correlation (TDPAC) measurements with 
the 111In(→ 111Cd) probe were performed for Al-doped ZnO heat-treated under 
various conditions in order to examine the following dependences on the formation 
of local structures of Al ions: concentration of Al ions, their diffusion temperature, 
and ambient atmosphere.  Contrasting interactions between Al and 111In impurities 
were observed depending on the ambient atmosphere to which the samples are 
exposed; (1) in air, Al impurities locally associate with each other to form minute 
ZnAl2O4 grains even at extremely dilute concentration of 0.1 ppm, and the 
111In(→
111Cd) probe ions of about 100 ppt would be trapped in the field of Al ion(s), but (2) 
in vacuum, the bound state formed in air dissociates by heat treatment, resulting in 
substitution of 111In ions at defect-free tetrahedral Zn sites.  It was also revealed that 
the dissociation reaction is triggered by the formation of oxygen vacancies in the 
vicinity of the locally-associated In-Al structures.  For a quantitative discussion on 
the kinetics of the reaction, the annealing-time and annealing-temperature 
dependences of this dissociation process were investigated.  TDPAC experiments 
have revealed that the relevant dissociation process is controlled by the first-order 
rate law, and the activation energy Ea for this reaction was evaluated from the 
temperature dependent rate constants k to be 0.72(6) eV.  The proposed dissociation 
mechanism of the impurities evidently suggests that this Ea corresponds to the 
formation energy of oxygen vacancies in Al-doped ZnO sample, which is supported 






 Defect-induced properties of zinc oxide (ZnO) have been attracting much 
attention toward their application to functional materials in a wide field of industry.  
Especially, physical properties brought about by Al ions and/or oxygen vacancies in 
ZnO are one of the most intriguing topics for the development of future electronic 
devices.  Extrinsic-semiconductor devices such as of Al-doped ZnO are expected to 
be in use under various ambient conditions; the states of being of impurity ions in the 
matrix are susceptible to change depending on the condition.  For a practical use of 
Al-doped ZnO device, therefore, it is important to study the stability of Al impurities 
and/or oxygen vacancies under various conditions.  The time-differential perturbed 
angular correlation method (TDPAC) is very suited for that purpose because it can 
directly provide atomic-level information of impurity atoms.  
 In this study, TDPAC measurements with the 111In(→ 111Cd) probe were 
performed for Al-doped ZnO heat-treated under various conditions to examine the 
following dependences on the formation of local structures of Al ions: concentration 
of Al ions, their diffusion temperature, and ambient atmosphere.  It was suggested 
from the experiments that thermal behaviors of the impurities are closely correlated 
with the concentration of atmospheric oxygen to which the samples are exposed; (1) 
in air, Al impurities locally associate with each other to form minute ZnAl2O4 grains 
even at extremely dilute concentration of 0.01 ppm, and the 111In(→111Cd) probe ions 
of about 100 ppt are trapped in the field of Al ion(s), but (2) in vacuum, the bound 
state of 111In and Al formed in air dissociates by heat treatment at 1000 K, resulting 
in substitution of 111In ions at defect-free tetrahedral Zn sites.  Detailed investigation 
of the thermal behavior of the impurities has revealed that the dissociation reaction 
is triggered by the formation of oxygen vacancies in the vicinity of the locally-
associated In-Al structures. 
 In order to extend quantitative discussion on the correlation between the 
thermal behavior of the impurities and the concentration of atmospheric oxygen, 
isothermal annealing of ZnO doped with Al and 111In was performed in vacuum.  
TDPAC experiments have revealed that the relevant dissociation process is controlled 
by the first-order rate law.  In addition, the activation energy Ea for the reaction was 
successfully evaluated from the temperature variation of the rate constants k to be 
0.72(6) eV.  The proposed dissociation mechanism of the impurities evidently 
suggests that this Ea is related to the formation energy of oxygen vacancies in Al-
doped ZnO sample, which is supported by good agreement with the corresponding 
theoretical values (0.85 and 1.0 eV). 
 

